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Abstract
Biochemical procedures developed to isolate plasma membranes from the branchial epithelium of rainbow 
trout (Oncorhynchus mykiss) yield membrane fractions that are specifically enriched in the plasma mem­
brane marker enzyme Na+/BC+-ATPase. As the bulk of the branchial Na+/K+-ATPase is assumed to be 
confined to the mitochondria-rich chloride cells, such membrane preparations must contain the essence of 
the enzymatic machinery of the chloride cells. Basal Na+ activity in branchial (chloride) cells is around 10
millimolar and, accordingly, we find a K for Na+ of the Na+/K+-ATPase of 13 millimolar, indicating that
i  *  *
the enzyme may be regulated by changes in cytosolic sodium, The Na+-gradient across the serosal plasma 
membrane created by this pump provides energy for 3Na+/Ca2+-exchange and bumetanide-sensitive Na4'/ 
KV2Cl--cotransport. Here we further postulate the presence of a NaVCl'-cotransporter, indicated by 
thiazide-sensitive, bumetanide-insensitive transport of Na+ and Cl~; this cotransporter activity awaits the 
characterization of its kinetics. The NaVCa2+-exchanger has kinetic characteristics compatible with a 
regulatory role of cytosolic Na+ in the activity of this carrier. Both Na+/Ca2+-exchange and Ca2+-ATPase 
activity may contribute to transport of Ca2\  the former having lower affinity for calcium but a higher 
capacity than the latter carrier. The Na7K+/2CNcotransporter has kinetics that favor a regulatory role for 
plasma K+ in the activity of this carrier. Seawater adaptation leads to increased activity of cotransporter 
molecules in the plasma membrane fractions (the activity increases relative to that of the NaVK' -ATPase) 
and this may reflect a function in Cl~-extrusion performed by the chloride cells in a seawater environment. 
A function for the cotransporter in the gills of freshwater fish may be the regulation of cell volume.
Introduction
In addition to the skin, the principal barrier be­
tween fish blood and the ambient water is the ex­
tensive epithelium of their gills, the branchial epi­
thelium. This gill epithelium is involved in a mul­
titude of functions including gas exchange, acid- 
base regulation and ionic exchanges, which of 
necessity must occur simultaneously and interde- 
pendently (Randall 1990), but must also maintain 
some degree of autonomy or independence. These
multiple functions are in part supported by the fact 
that this epithelium consists principally of two cell 
types, pavement cells and mitochondria-rich cells 
called chloride cells or ionocytes (Goss et al. 
1995). Although the bulk of gas exchange clearly 
occurs across the pavement cells, recent models 
for ion transport favour the idea that Na+-uptake 
also is mediated by these cells. An electrogenic 
proton pump in the apex of these cells of freshwa­
ter fish is thought to provide the driving force for 
Na+ entry (Avella and Bornancin 1989; Lin and
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Randall 1995; Sullivan et al. 1995) through 
ami 1. on de-sensitive Na+-channels (Perry and 
Randall 1981; Wright and Wood 1985). Extrusion 
of Na+ across the serosal membrane of the cells is 
thought to be mediated by the ubiquitous Na+/K+- 
ATPase. At the moment, however, the operation of 
an identical system in the chloride cells cannot be 
ruled out (Lin and Randall 1995) and so there re­
mains some considerable question as to the rela­
tive significance of pavement cell versus ionocyte 
Na+-uptake.
Cl~-uptake in freshwater is thought to be medi­
ated along a Na+-independent pathway in the chlo­
ride cells: an apical C1”/HC03~ exchange, driven 
by the outwardly directed bicarbonate gradient, or 
alternatively driven by ATP, guarantees transport 
of Cl~ across the apical membrane; Cl“-channels in 
the basolateral plasma membrane domain allow 
passive movement to the serosal compartment
(Marshall 1995).
In seawater, fish are thought to secrete both Na+ 
and Cl" via their gills. Na+, presumed to be taken 
up in exchange for protons in the gills and via the 
intestinal epithelium from ingested seawater, is 
driven out of the gills by the electrochemical gra­
dient along the paracellular pathways. Cl” is trans­
ported into the chloride cells via loop diuretic-sen- 
sitive routes and passively transported across the 
apical membrane through CNchannels (Marshall
1995).
Ca2+ is taken up by the gills in both marine and 
freshwater fish (Flik et al. 1995b). The predomi­
nance of evidence indicates that Ca2+ enters iono- 
cytes through apical stanniocalcin-sensitive Ca2+- 
channels and is pumped out o f these cells to the 
blood by calcium pumps energized either by the 
Na+-gradient (maintained by the Na+/K'j'-ATPase 
located in the same membrane) across the serosal 
membrane or by ATP (Flik et al. 1995).
In contrast to the substantial body of physiologi­
cal and pharmacological evidence for these mod­
els, there is little supporting biochemical data. 
Gills have an abundant supply o f Na+/K+-ATPase, 
which is concentrated in the chloride cells of the 
branchial epithelium (Kamaky et al. 1986; 
McCormick 1995; Lie et al. 1995; Van der 
Heijden et al. 1996). These cells are characterized 
by a high mitochondrial density (for the produc­
tion of ATP) in their basolateral domain and in 
close association with an extensive system of 
membrane tubules which represent invaginations
of the basolateral plasma membrane. The Na+/K+- 
ATPase is concentrated primarily in this tubular 
system (Kamaky et aL 1976; McCormick 1990; Li 
et al. 1995). This Na+/K+-ATPase may be consid­
ered the primary engine o f the epithelium as it is 
involved in driving multiple ion movements by 
generating both the electrical and chemical condi­
tions necessary for many o f the movements of ions 
through channels or carriers, respectively.
In this study, we provide biochemical evidence 
for the presence of five ion carriers in a basolateral 
plasma membrane preparation of trout gills. Four 
of these are sodium-dependent, viz. a Na+/K+/2C1~ 
cotransporter, a Na'iVCl~cotransporter, a Na+/Ca2+- 
exchanger, and the Na+/K+-ATPase. We also de­
termined the ATP-driven Ca2+-pump and we dis­
cuss the changes in the activities of these carriers 
resulting from the acclimation of the fish to a 
seawater environment.
Materials and methods
Fish and membrane isolation
Rainbow trout, Oncorhynchus mykiss, weighing 
around 500 g, were kept in 600-1 tanks supplied 
with free running city of Ottawa dechlorinated 
tapwater or in charcoal- and biofiltered, recir­
culating 70 or 100% seawater, prepared by addi­
tion of natural seasalt to tapwater. The light regi­
men was 12:12, L:D and all fish were held at 12°C. 
The fish were fed once a day ad libitum with com­
mercial trout pellets.
Fish were overdosed with the anesthetic phe- 
noxy ethanol (2 ml I-1) and injected intraperi- 
toneally with heparin (5000 U), blood was re­
moved from the caudal vessels using a 23-G nee­
dle fitted to a heparinized tuberculin syringe. 
Blood cells were separated from plasma by cen­
trifugation (1 min, 9000 x g at room temperature) 
and the plasma was stored at —20 °C until ion 
analysis. Next, the gills were flushed with 50 ml of 
saline (0.9% NaCl in bidistilled water, containing 
5 U ml"1 heparin and 9 TIU ml“1 of the serine 
protease inhibitor aprotinin) by inserting a needle 
through the exposed ventricle into the bulbus 
arteriosus, to remove blood cells from the 
branchial basket. Then the gill arches were ex­
cised, transferred to an ice-cooled glass plate and 
the branchial epithelium was scraped off with a
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microscope slide. Using a dounce homogénisation 
device (25 strokes), the tissue was disrupted in a 
hypotonic medium containing 25 mM NaCl, 1 mM 
Hepes/Tris, pH 8.0, 1 mM dithiothreitol (DTT), 
and 1 TIU ml"1 aprotinin. Nuclei were removed by 
centrifugation for 10 min, 500 x g. Supernatant, 
containing the membranes, was spun for 30 min at
50.000 x g and the resulting pellet was resuspend­
ed in an isotonic buffer containing 250 mM su­
crose, 20 mM Hepes/Tris, pH 7.4, 0.8 mM MgCl2 
and 1 mM DTT, using a dounce homogénisation 
device (100 strokes). The suspension was centri- 
fuged differentially, 10 min 1000 x g, 10 min
10.000 x g and 30 min 50,000 x g. The final pellet 
was resuspended in a buffer containing 200 mM 
mannitol and 50 mM imidazole/acetate, pH 7.4, by 
20 rapid passages through a 23-G needle fitted to 
a tuberculin syringe to ensure membrane resealing 
(Flik and Verbost 1994). The whole procedure 
was carried out at 0-4 °C; the membrane suspen­
sion was kept on ice until further use on the same 
day. Protein content of the membrane suspension 
was assessed by comparison with a bovine serum 
albumin (BSA) standard, using a commercial rea­
gent kit (Biorad) based on Bradford’s Coomassie 
stain. The protein content of the preparations used 
varied between 3 and 8 mg/ml BSA equivalents.
Ion analyses
Plasma Na+ and K+ concentrations were deter­
mined by flame photometry. Ca2+ levels were de­
termined with a commercial colorimetric calcium- 
kit (Sigma cat. no. 586) using a combined calcium 
phosphate standard as reference (Sigma cat. no. 
360-11). Plasma Cl" was determined with a 
colorimetric endpoint assay kit (Sigma cat. no. 
461-3) and a combined carbonate-chloride stand­
ard set (Sigma cat. no. 955-11). Plasma osmotic 
pressure was determined in a Roebling micro­
osmometer (Vogel, Germany), using distilled wa­
ter and a 300 mOsmol I"1 standard as reference.
Enzyme assays
I
Assay conditions for plasma membrane Na'VK4*- 
ATPase, K+-pNPPase, ATP-driven and Na+-gradi- 
ent driven Ca2+-uptake in vesicles have been de­
scribed in detail elsewhere (Flik and Verbost 
1994; Verbost et al. 1994a; Flik et al. 1994b, 
1995a, b). All assays were carried out at 20°C and 
under conditions reflecting initial velocities of the 
enzymes, as assessed in pilot experiments.
Na/K/2 Cl-cotransporter
Prior to assay, membranes were incubated for 1 h 
on ice with (final concentrations in mM) the 
protonophore carbonyl cyanide m-chlorophenyl- 
hydrazone (CCCP; 0.01; Sigma), KC1 (2), Na2S 0 4 
(2.5); one half of the suspension received the sol­
vent for bumetanide, ethanol (0.05%), the other 
half bumetanide (0.1) freshly dissolved in ethanol. 
The protonophore dissipates proton gradients 
across the membrane and the permeable pH-buffer 
ions should minimize the development of diffusion 
potential across the membrane. The presence of 
low concentrations of Na+, K+ and Cl“ is required 
for effective bumetanide binding to the co-trans­
porter (Forbush and Palfrey 1983).
The assay media contained (final concentrations 
in mM): imidazole/acetate (50; pH 7.4), NaCl
(150), M gS04 (0.8), KC1 (16), RbCl (0.4), CCCP 
(0.01) and bumetanide (0 or 0.01), Maximum inhi­
bition by bumetanide was observed at this concen­
tration (data not shown). When Cl" was omitted in 
these media, NaCl and KC1 were replaced by 
Na2S 0 4 and K2S04; when Na+ was omitted, N- 
methyl D-glucamine4- (NMDG+-) salts were used. 
In kinetic studies variations in Na+, K+, and Cl“ 
were realized through equimolar replacements: 
variations in Cl" were obtained by partial replace­
ments of NaCl with Na2SQ4 variations in Na+ by 
partial replacements of NaCl with NMDG-C1 and 
variations in K+ by partial replacements of K2S 0 4 
with NMDG2S 0 4. Media were concentrated 1.2 
times, to compensate for the addition of the vesicle 
suspension: typically the assay was started by mix­
ing 10 pi prewanned vesicle suspension with 50 /il 
of medium. The vesicle suspension was pipetted 
just above the medium against the wall of the 
Eppendorf cup and the reaction started by vortex 
mixing. The reaction was quenched after 10-30 s 
by addition of 1 ml ice-cold stop buffer. For 86Rb- 
traced K+-uptake the stop buffer contained (final 
concentrations in mM): K2S 0 4 (120), imidazol/ 
acetate (50; pH 7.4) and furosemide (0.1). For 36C1 
traced Cl'-uptakes the K^SC^ in the stop buffer 
was replaced by cholineCl (180) and for 22Na
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traced Na+-uptake Na2S 0 4 (120) was the major 
osmolyte.
Bumetanide-sensitive transport was defined as 
the difference in vesicle ion uptake in the absence 
and presence of 0.01 mM bumetanide. Vesicle 
tracer uptake was corrected for non-specific ad­
sorption of isotopes by membranes (and filters) by 
subtracting “zero time” uptakes: vesicles and me­
dium were mixed instantaneously with 1 ml ice- 
cold stop buffer. Quenched samples were filtered 
to collect membranes with trapped isotopes using 
the rapid filtration technique described in detail 
for Ca2+-transport studies (Flik and Verbost 1994). 
Schleicher and Schuell nitrocellulose filters (pore 
size: 0.45 }im) were used. The filter were pre­
cooled with stop buffer and the membranes col­
lected on the filters were rinsed twice with 2 ml 
stop buffer. Radioactivity was quantified by LSC 
after the filters had become translucent in the tolu­
ene-based scintillation fluid (Aqualuma, Lumac). 
Transport activities are expressed in pmol per 30 s 
per mg protein.
Tracers
22Na, 36C1, 86Rb and 45Ca, all purchased from 
Amersham pic, were used to trace ion transports in 
the vesicle assays. The radioactive concentration 
o f pH-adjusted (according to the specific assay 
conditions) tracer stocks was around 13 MBq 
ml“1, the final radioactive concentration ranged 
from 0.25 to 0,65 MBq ml-1 in all cases. Radioac­
tivity was determined with a LKB Rackbeta liquid 
scintillation counter.
Membrane orientation
The orientation of the vesicles was assessed on the 
basis o f trypsin-sensitivity o f the Na'f-site of the 
Na+/K+-ATPase and the unmasking of Na’7K+- 
ATPase activity due to resealing of membranes by 
the use of saponin, as described in detail for a crab 
gill plasma membrane preparation (Flik et al, 
1994b). Saponin was used at 0.2 mg ml“1 BSA 
equivalents membrane protein. In short, the per­
centage resealing was calculated as the fractional 
increase in Na+/K+-ATPase activity upon deter­
gent treatment of the membrane suspensions.
The percentage right-side-out oriented vesicles 
(ROVs) was calculated on the basis of the trypsin- 
insensitive fraction (Na+-site protected from 
trypsin in ROVs) opened up with saponin after the 
trypsin treatment had been stopped with trypsin 
inhibitor; the percentage inside-out oriented vesi­
cles (IOVs), calculated as the difference between 
resealed membranes and ROV-oriented mem­
branes was similar to the percentage IOVs deter­
mined as the saponin-sensitive K+-pNPPase activ­
ity (reflecting the exoenzymic dephosphorylation 
step of the Na+/K+-ATPase).
Calculations and statistics
Kinetic parameters were derived using the ‘Enz- 
fitter’ programme (Leatherbarrow 1987). Free 
Ca2+ concentrations were calculated with Chelator 
(Schoenmakers et al. 1992). Differences between 
means were assessed by Student’s t-test or the 
Mann-Whitney U-test, where appropriate. Signifi­
cance was accepted when p < 0.05.
Results
Plasma analyses
Trout acclimatized to sea water for at least 3 
weeks did not differ from freshwater trout with 
respect to plasma osmotic pressure or ion compo­
sition except for Na+, which was slightly higher in 
seawater trout (Table 1).
Enzymes
Na+/K+-ATPase specific activity in crude homo- 
genates of gill epithelium was 4.5 times higher in 
trout acclimated to 70% sea water (5.4 ±1 .5  fimol 
P. h“1 mg"1 protein; n = 10) and 5,5 times in trout 
acclimated to 100% sea water (6.6 ± 0,3 jamol P. 
hTl mg“1 protein; n = 8) compared to freshwater 
trout (1.2 ± 0.2 \xmol P. h”1 mg-1 protein; n = 10). 
This effect was also observed in the purified 
plasma membrane fractions: the activity was 6.8 ± 
2.0, 23.3 ± 2.0, and 24.2 ±3 . 3  jimol Pi h"1 mg-1 
protein for fresh water, 70% sea water (3.4-fold 
increase) and 100% sea water (3.6-fold increase)
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Table L  Plasma osmotic pressure, Ca2+, K+ and Cl~ content are 
not significantly different in freshwater and seawater (70%) 
acclimated trout. Plasma Na+ content was significantly 
elevated in the seawater trout
FW (n = 12) SW (n "  12)
Osm. (mosm I“1) 328 ± 12 335 ± 12
Ca (mM) 2.9 0.5 2.9 ± 0.2
Na (mM) 170 dt 14 204 24*
K (mM) 3.2 0.7 2.3 ± 0.2
Cl (mM) 147 ± 15 151 14
Values represent means ± SD; * p < 0 .01
acclimatized trout, respectively (Fig. 1). The K05 
for Na+ of the NaVK/^ATPase detennined on sea 
water trout gill plasma membrane preparations is
13 ± 6  mM Na+ (n = 6).
Membrane configuration
The configuration of the membrane vesicle prepa­
ration was comparable for freshwater and sea­
water trout, in the degree of resealing as well as in 
the percentage IOVs and ROVs (Table 2).
ATP-driven Ca transport
ATP-driven 45Ca2+ transport was significantly 
higher in seawater trout (4.15 ±  0.23 nmol min-1 
mg-1 protein; means ± SD, n = 6) than in freshwa­
ter trout (0.57 ± 0.21 nmol min"1 mg-1 protein), a 
7.28-fold increase. The affinity for Ca2+ of this 
transporter did not differ between the two condi­
tions (158 ± 10 and 160 ± 21 nM Ca2'1' for fresh­
water and seawater trout, respectively).
Na*-driven Ca2+ transport
V(nmol Pj.lr1 per mg prot)
40
30
20
10
FW 70% SW 100% SW FW 70% SW 100% SW
Fig: 1, Na7K+-ATPase activity in trout gills. Fish were accli­
mated to 70 or 100% seawater for at least 3 weeks. NaVK*- 
ATPase activities in a crude homogenate (H0) and in the 
plasma membrane fraction (P3) are significantly higher in 
seawater trout than in freshwater trout.
Table 2. Saponin was used at the optimum concentration of 
0,2 mg per mg membrane protein. The percentage o f  resealing 
(Resealing%) was calculated from the fractional increase in 
activity after saponin treatment of the plasma membrane 
fraction. The percentage of right-side-out vesicles (ROV%) 
was deduced from the trypsin-insensitive activity unmasked 
by saponin after the trypsin treatment was quenched. The 
percentage inside-out vesicles (IOV%) was calculated as the 
difference between Resealing% and ROV%, The value thus 
obtained did not differ from that obtained by unmasking I n ­
dependent pNPPase activity (not active in intact IOVs) with 
saponin. Membrane preparations of freshwater and seawater 
trout did not differ in their configuration
IOV% ROV% Resealing% Leaky%
FW 24 ± 7 38 ± 7 62 ± 12 38 ± 14
SW 22 ± 2 43 ± 3 65 ± 6 35 ± 8
Mean values ± SEM for 6 determinations based on trypsin- 
sensitivity of Na+/K+-ATPase and saponin treatment of 
vesicles.
Na+~ driven Ca2+ transport was significantly en­
hanced in seawater acclimatized trout (Fig. 2). The 
maximum velocities derived for Na+ and Ca2+ ki­
netics come to 15.9 and 15.7 nmol min“1 mg“1 pro­
tein, respectively, for seawater trout gills and 2.8 
and 3.3 nmol min“1 mg“1 protein, respectively, for 
freshwater trout gills. The Hill-coefficients of the 
Na+-kinetics are 2.56 and 3.39 for freshwater and 
seawater gills, respectively, indicating coopera-
tivity for Na+ activation of the exchanger and the 
translocation of at least 3 Na+ ions per switch of 
the molecule.
Na+, K+(Rb+) and Cl~ transport
Figure 3 shows a characterization of the K f uptake 
in seawater trout gill plasma membrane vesicles.
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Fig. 2. Na+/Ca2+-exchange in trout gills. Na+-kinetics were assessed on vesicles equilibrated (at least 1 h on ice) with increasing 
concentrations of Na+ (10-150 nM; NMDG-C1 served to replace Na+ and keep isotonicity o f  the media). Ca2+ kinetics were assessed 
on vesicles loaded with 150 nM Na+ by assay in a medium with Ca2+ concentrations varying from 0.05-25 \xM. Exchange activity 
was defined as the difference in Ca2+ accumulated in the vesicles after transfer to an equimolar K +-medium and to an equimolar 
Na+~medium (blanks). Maximum velocities were significantly higher in seawater trout gills than in freshwater trout gills. Hill 
coefficients > 2.5 indicated that at least 3 Na+ ions are transported per switch o f the molecule.
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Fig. 3. K+ (Rb+) transport in seawater trout gill plasma 
membranes. Vesicle K+ uptake was corrected for “zero time” 
tracer uptake (see Materials and methods). Addition o f ATP 
(1 mM), ouabain (O; 0.1 mM) or amiloride (A; 0.1 mM) had 
no effect. Saponin (S; 0.2 mg mg-1 protein), the omission of 
the Cl-- (-Na+- (-Na2+) gradient, or the addition of furosemide 
(F; 0.1 mM) orbumetanide (B; 0.01 mM) highly significantly 
inhibited K+-transport. ATP did not affect bumetanide- 
sensitive K+ transport (+ATP+B). Mean values are given for 
6-8 preparations of seawater trout gills; bars indicate means 
and lines show the SD. The values below of test conditions 
indicate the percentage inhibition.
Fig. 4, 36C1“ and 22Na+ transport in seawater trout gills. 
Bumetanide (B; 0.01 mM) significantly inhibits Cl" and Na+ 
transport. The addition of thiazide (1 mM) further inhibits 
transport activities to levels observed after saponin treatment, 
suggesting the presence of two CNcotransporters, a bume­
tanide sensitive NaVKVCl" cotransporter and a thiazide sen­
sitive Na+/Cl~ cotransporter. Mean values for 6-8  preparations 
are given, lines indicate SD. Note the roughly twofold higher 
rates for Cl~ transport compared to N a ‘ transport.
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[Na] (mM) [K] (mM)
[Cl] (mM)
Fig. 5. Kinetics of bumetanide-sensitive ]jC(Rb*) transport (a, b) and Cl- transport (c). The sodium dependence o f  K' transport yields
a maximum velocity o f 170 ± 29 pmol per 30s per mg protein and a K05 of 23 ± 14 mM Na+; the Hili-coefficient is 0.88 (A). The 
K+ dependence of K+ transport yields a maximum velocity of 155 ±  12 pmol per 30 s per mg protein and a Kos of 7.0 ± 0.6 mM 
K+; the Hill coefficient is 0.9 (B). The Cl“ dependence o f Cl~ transport yields a maximum velocity of 321 =t 24 pmol per 30 s per 
mg protein and a K05 of 70.0 =fc 0.9 mM Cl-; the Hill coefficient for Cl" transport is 2.3 (C). These results favor a stoichiometry 
of 1 Na+, 1 K+ and 2 Cl- symported per switch of the carrier. Values are means for 6-8 preparations and lines indicate SD.
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Table 3. A comparison o f ion transporting enzyme activities 
in freshwater and 70% seawater trout gills. Specific activities 
are expressed in the same unit by linear extrapolation, nmol 
min-1 mg-1 protein, and corrected for membrane configu­
ration. Na7K+-ATPase activity was assessed in saponin-per- 
meabilized membranes and thus refers to total and maximal 
activities. Activity o f  Na+/C a2*-exchange is measured in IOVs 
and ROVs, of Na7K7Cl~ cotransport in ROVs and of Ca2+- 
ATPase in IOVs and the respective activities were corrected 
for the occurrence o f these membrane subpopulations in the 
total membrane pool. All carrier activities were significantly 
enhanced in seawater trout compared to values in freshwater 
trout. H0 refers to the crude homogenate, P3 refers to the puri­
fied plasma membrane fraction. Vspuc refers to the specific 
activity (activity expressed per mg protein); ‘Total1 refers to 
the total Na+/K+-ATPase activity calculated for H0 and P3 by 
multiplying the specific activity with the total amount of 
protein in the preparation.
FW SW Fold increase
Na7K+-ATPase Hn VtJ Knee 20 90 4.5
Total 2383 24283 10.2
P3 113 388 3.4
Na+, Ca2+-exchange 4.87 24.28 4.98
Na+,K+,2Cl~-cotransport 0.55 2.74 4.98
Ca2+-ATPase 2.38 18.86 7.92
V in: nmol m hr1 mg-1 protein, corrected for %IOV, %ROV 
and %Leaky.
ATP (1 mM), ouabain (0.1 mM), and amiloride 
(0.1 mM) do not affect K+ uptake. Saponin dis­
rupts the membrane integrity and reduces uptake 
by 63%. In the absence of a Cl“- or Na+-gradient, 
the K+-uptake is reduced by 57 and 48%, respec­
tively. Furosemide (0.1 mM) and bumetanide 
(0.01 mM) inhibit K+ uptake by 55 and 53%, re­
spectively. ATP did not affect bumetanide inhibi­
tion.
In Figure 4 it is shown that Cl” and Na*-uptake 
is inhibited by bumetanide, but not to the degree 
seen when vesicles are treated with saponin. Addi­
tion of sodium thiazide (1 mM) on top of bume­
tanide reduces Cl-- and Na+-uptake to the levels 
observed when saponin is added. These data sug­
gest that both Na+/K+/2C1~- and Na+/Cl“-cotrans- 
porters are present in these membranes. We then 
further characterized the bumetanide-sensitive ac­
tivity.
Figure 5 gives some kinetics of bumetanide- 
sensitive transports. The sodium dependence of 
86Rb+(K+) transport yields a maximum velocity of 
170 ± 29 pmol/30 s per mg protein and a K05 of 
23 ± 14 mM Na+; the Hill-coefficient is 0.88 (A).
The potassium dependence of 86Rb+(K+) transport 
yields a maximum velocity of 155 ± 12 pmol/30 s 
per mg protein and a K 0 5 o f 7 . 0 ± 0 . 6  mM K+; the 
Hill coefficient is 0.9 (B). The chloride depend­
ence of 36C1~ transport yields a maximum velocity 
of 321 ± 24 pmol/30 s per mg protein and a K0 5 of
70.0 ± 0.9 mM Cl"; the Hill coefficient for Cl“ 
transport is 2.3 (C). The biochemical data substan­
tiate a bumetanide-sensitive Na+/K+/2Cl“-cotrans- 
porter in trout gill plasma membranes.
Comparison o f  transporters
In Table 3, data on the velocity of the transporters 
analyzed are expressed in nmol min”1 mg~l pro­
tein, and corrected for %ROV or %IOV. The Na+/ 
K+-ATPase activities refer to the total activi­
ty demonstrated in fully, saponin-permeabilized 
membrane preparations. The Na+/Ca2+ exchange 
activity was corrected for the percentage resealed 
membranes as this transporter can be demon­
strated in isolated cells to operate not only in the 
extrusion mode but also in the reversed mode (Li 
et al. 1997); therefore, its activity is probably dem­
onstrated in both IOVs and ROVs. The Na+/K'V 
2Cl~-cotransporter activity was corrected for the 
percentage ROVs (being a carrier transporting 
ions into the cell and thus operating in all likeli­
hood only in ROVs. The ATP-driven Ca2+ trans­
port activity was corrected for the percentage 
IOVs. Trout acclimatized to sea water, compared 
to freshwater trout, have increased activities of all 
transporters assayed. The activities of the Na+/ 
Ca2+-exchanger, Na+/K+/2Cl"-cotransporter and 
Ca2+-ATPase increase relative to that of the Na+/ 
K+-ATPase in seawater acclimated trout. The ratio 
of the activities of the respective carriers relative 
to the Na+/K+-ATPase activity in the plasma mem­
brane fraction are 0.043 and 0.062 for the ex­
changer in freshwater and seawater gills, respec­
tively, 0.0048 and 0.007 for the cotransporter and 
0.021 and 0.048 for the Ca2+-ATPase. Comparing 
the activities in the P3 fraction and assuming 
stoichiometrics of 3Na+:2K+ per ATP for the Na+/ 
K+-ATPase, 3Na+:lCa2+ for the exchanger, lNa+: 
1K+:2C1~ for the cotransporter and 1 Ca2+ per ATP 
for the Ca2+-ATPase, the activity o f the Na+/K+- 
ATPase appears to be by far the highest of all 
transporters assayed. Bumetanide-sensitive co­
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Table 4. Affinity constants (K values) of ion transporters in 70% seawater trout gills. Na7K+-ATPase and Na7Ca2+-exchange have 
affinities for Na+ compatible with a regulatory action of this ion in the cytosol. The Ca2+-ATPase becomes half-maximally activated 
by prevailing cytosolic Ca2+ concentrations. The Na7K7Cl" cotransporter shows an affinity for K+ that would favor a regulatory 
role for plasma K+ in the activity of the symporter
K+(Na+) K+(Ca2+) K+(K+) K+(C1-) Regulation by:
Na7K+~ATPase 13 ± 6 ----- nd Na*
Na+, C a2+- exchange 48 ± 7 2350 ±  170 — — Na;- (?)
Na+, K+, 2Cl~-cotransport 23 ± 14 ------ 7.0 ± 0.6 70.0 ± 0.9 K +
n
Ca2+~ATPase — 160 ± 15 — ----- Ca i2+
K+(Na+,K+,Cl~) in mM; K+(Ca2+) in nM.
transport is present in freshwater as well as 
seawater gills. The activities of the transporters as 
determined in vitro do not correlate with predicted 
opercular and branchial epithelial ion fluxes, that 
give comparable numbers for Na+ and Cl" trans­
port (Degnan and Zadunaiski 1979; Avella and 
Bomancin 1989).
Table 4 summarizes the affinities of the trans­
porters. The Na+/K+-ATPase and Na+/Ca2+-ex- 
changer have affinities for Na+ compatible with 
intracellular Na+ activity and thus may be regu­
lated by this ion. The low affinity for Ca2+ (2350 
nM Ca2+) of the exchanger seems to rule out a 
regulatory role for cytosolic Ca2+, resting levels 
being around 100 nM. On the other hand, the Ca2+- 
ATPase has an affinity for Ca2+ compatible with 
regulation of the transporter by cytosolic Ca2+ lev­
els. The NaVK72Cl~-cotransporter has affinities 
for Na+, K+ and Cl- that favor a dominant role for 
plasma K+ in regulating the activity of this sym­
porter.
Discussion
This paper provides the first direct biochemical 
evidence for a bumetanide-sensitive Na+/K'72Cl~- 
cotransporter (NKCC) as well as some preliminary 
evidence for a Na*7Cl“~cotransporter in trout gills. 
Such carriers are members of a functionally and 
structurally related family of symporters that fa­
cilitate the freely reversible passage of NaCl and 
KC1 across the plasma membrane (Park and Saier
1996). The trout gill NKCC described here obeys 
a “classical” stoichiometry (1 Na+, 1 K*, 2 Cl") and 
is present in the gills of both freshwater and
seawater trout. The observation that the density of 
the NKCC increases relative to Na+/K+-ATPase in 
seawater fish gills suggests that an enhanced activ­
ity of this symporter is required to drive chloride 
extrusion, the classical function of the gills of 
seawater fish. This notion is further supported by 
the physiological observation that bumetanide in­
hibits Cl" extrusion in chloride cell rich opercular 
epithelia of seawater killifish (Fundulus hetero- 
clitus) (Marshall 1995). The presence of NKCC in 
a Na+/K+-ATPase-enriched plasma membrane 
fraction might suggest that the symporter is lo­
cated in the ionocytes of the branchial epithelium. 
A plausible function for NKCC activity in iono­
cytes of freshwater fish gills (where Cl” is taken up 
rather than excreted) would be cell volume regu­
lation (Whisenantet al. 1993). So far at least 10 
com-plete sequences of NKCCs have been eluci­
dated by molecular biological approaches (Xu et 
al. 1994; Park and Saier 1996), These transporters 
were found in yeast, shark, bony fish and mam­
mals and thus must represent a phylogenetically 
old and pivotal protein in cell functioning.
Seawater acclimation
Rainbow trout appeared to adapt successfully to 
the 70% seawater. As most of the experiments 
were carried out in October and November, we did 
not attempt to acclimate the fish to full-strength 
seawater, as in our experience adult trout often die 
by such treatment at this time of the year. How­
ever, in another series of experiments carried out 
in spring and early summer, we successfully accli­
matized rainbow trout to full strength seawater.
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Analyses of branchial Na+/K+-ATPase activity re­
vealed no major differences from fish acclima­
tized to 70% seawater. The slightly elevated 
plasma Na+ levels in the seawater trout suggest 
that the regulation of plasma Na+ and Cl is uncou­
pled. An attractive hypothesis to test is that 
seawater trout secrete more protons and as a con­
sequence have a higher H+-extrusion-coupled 
Na^-uptake via their gills. To the best o f our 
knowledge, no physiological data to support this 
hypothesis are available. Alternatively, the Na* 
surplus in the plasma could result from a more 
effective secretion of Cl“ than of the N a1' that en­
tered the fish via the intestine from ingested water.
In contradiction to what was observed in trout, 
in tilapia (Oreochromis mossambicus), no differ­
ences in plasma ion composition or in NaVK+- 
ATPase, Na+/Ca2+ exchange or Ca2+ ATPase ac­
tivities were found when the fish was acclimated 
to fresh or sea water (Verbost et al. 1994a). Appar­
ently, the tilapia does not require the enhanced 
enzymic capacity as seen in the trout in order to 
cope with seawater environments. Certainly, the 
increased NKCC activity could enhance Cl" extru­
sion, a hallmark of seawater fish osmoregulation. 
Unfortunately, we have no equivalent data on ion 
fluxes in intact trout kept in fresh- and seawater, 
data that would allow a correlation with enzyme 
activities. Nevertheless, the increased activities of 
Ca2+ transporters and NKCC in seawater trout gills 
do suggest that seawater acclimation induces an 
adjustment of the ionocyte enzymic machinery.
Ca2 r transporters
We have, for the first time, demonstrated ATP- 
driven and N ai_ gradient-driven Ca2+ transport in 
trout gill membranes. Qualitatively, the transport­
ers resemble those in the gills of tilapia (Verbost et
al. 1994a) and crab gills (Flik et al. 1994b), in that 
the Ca2'i_ ATPase has a high affinity for Ca2* and a 
lower capacity and that the Na+/Ca2+ exchanger 
has a low affinity for Ca2+ and a higher capacity 
for transport. However, the trout differs from the 
tilapia in that in a seawater environment both ac­
tivities are enhanced (4.98 times for the exchanger 
and 7.92 times for the ATPase). We suggest that 
these changes reflect the induction of a new 
branchial epithelium with enhanced capacities for
ion transporting enzymes. The affinity for sodium 
of the exchanger (K0 5 = 48 mM Na+) as deter­
mined in vitro favors a regulatory role for 
cytosolic Na+ in the activity of the exchanger. 
Basal Na+ levels in chloride cells of tilapia are 
around 10 mM (Li et al. 1997). We are not aware 
of measurements of Na+ and Ca2+ activities in the 
vicinity of the carriers in the membrane, but we 
envisage that local ion activities may be higher 
than the “overall” resting level, a notion with im­
portant consequences for the interpretation of car­
rier affinities for ions and the regulatory role of 
these substrates.
As in tilapia, the capacities o f the Ca2+ transport­
ers in trout exceed, by far, the capacity required to 
drive the level of fluxes observed in the epithelium 
(Verbost et al. 1994a). We consider this an artefact 
of the biochemical assays that may demonstrate all 
enzymic activity, including the in vivo silent activ­
ity.
Na ~v/K~'r/2 Cl~- co transp or ter
An important issue to address is the low maximum 
velocity of the NKCC relative to the other trans­
porters in the gill plasma membrane fraction. As­
suming much higher transport rates for the mono­
valent ions in fish gills than for Ca2+, the present 
biochemical data are at odds. We have no doubt 
that the bumetanide sensitive transport reflects 
NKCC activity: the Hill coefficient of 2 for CL 
transport is in line with the maximum velocities 
for Cl”, Na+ and K+ transport, the rate for CL trans­
port being twice that for Na+ or K \ The interde-
/
pendence of Na+, K+ and CL on the other ions (K+ 
+ CL, Na+ + Cl" and Na+ + K+, respectively; not all 
data shown) further supports to this contention. 
The half-maximal activation concentration of each 
individual ion for the NKCC in the presence of 
saturating concentrations of the other ions, were
23, 7 and 70 mM for Na+, K+ and CL, respectively. 
The value for Na'1 is higher than values reported 
for mammalian NKCC (< 1 mM; O’Grady et al. 
1987) and also that for Cl" is higher than reported 
for mammalian NKCC (30 mM; Wiener and Van 
Os 1989). If we ascribed a functional meaning to 
the values found here for trout gills, it would mean 
that this NKCC is controlled by plasma potassium 
levels. The transport rates observed for NKCC in
1
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trout gills are of a comparable order as the values 
reported for a rabbit distal colon basolateral 
plasma membrane preparation: 960 pmol per 10 s 
per mg protein for Cl" transport and 360 pmol per 
10 s per mg protein for Rb+ transports (Wiener and 
Van Os 1989). Still these values may be underes­
timates for a variety of reasons. There is, for ex­
ample, ample evidence for regulatory actions of 
Na+ and Cl~ at the cytosolic side of the transporter 
in HeLa (Ikehara et al. 1993) and osteosarcoma 
cells (Whisenant et al. 1993). Mouse kidney 
NKCC is stimulated by cyclic AMP and may re­
quire cytoskeletal integrity (Wu et al. 1994). 
Moreover, in the duck erythrocyte, both cyclic 
AMP-dependent and -independent phosphoryla­
tion and dephosphorylation of NKCC may regu­
late its activity as well as the binding of bume- 
tanide to the carrier (Pewitt et al. 1990). Although 
our trout membranes were precinbubated with low 
concentrations to NaCl and KC1 to facilitate bind­
ing of bumetanide, the concentrations are far be­
low cytosolic concentrations (deliberately chosen 
so for biochemical reasons). Clearly, these arte- 
factual conditions and the uncoupling of the 
NKCC of cytoskeletal components as a result of 
membrane isolation may underlie an underestima­
tion of NKCC activity in biochemical assays. Yet, 
although the quantitative analysis of NKCC veloc­
ity in vitro requires further study, the qualitative 
demonstration of NKCC in fish gill is beyond 
question.
Perspectives
Our recent advances in (e.g., real time) imaging 
techniques and fluorescence probing for cytosolic 
ion activities as well as identification of the iono- 
cytes with vital stains (Li et al. 1995, 1997), will 
allow us to study the NKCC in isolated (Verbost et 
al. 1994b) and cultured gill cells. Such studies may 
shed light on the importance of the NKCC for 
cellular ion homeostasis and volume regulation. 
Ussing chamber studies involving pharmacologi­
cal treatments may reveal the contribution of 
NKCC to transepithelial transport (Marshall 
1995). Such studies should be instructional con­
cerning the optimal conditions for biochemical 
analyses of NKCC activity in fish tissues.
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